We investigate the holographic entanglement entropy (HEE) of a strip geometry in four dimensional Q-lattice backgrounds, which exhibit metal-insulator transitions in the dual field theory. Remarkably, we find that the reduced HEE always displays a peak in the vicinity of the quantum critical points. Our model provides the first direct evidence that the reduced HEE can be used to characterize the quantum phase transition. We also show that the maximization of the reduced HEE is dominantly determined by the near horizon geometry of the background, and conjecture that it would be a universal feature for general holographic models. Introduction -Quantum phase transitions (QPTs) occur at absolute zero temperature when varying the parameters of a system [1] . Such a system is believed to be strongly entangled at quantum critical points. Once a symmetry breaking is not manifestly observed, QPTs have long been known as difficult to characterize. A lot of efforts have been made to clarify the relations between QPTs and entanglement, mainly focusing on some simplified systems which can be solved with traditional density matrix techniques [2-5](For more comprehensive introduction, see review [6] ). It is proposed that for a system without an obvious classical order parameter, entanglement entropy could perform as an alternative to characterize QPTs. For instance, in [4, 5] very interesting behaviors of the entanglement entropy have been disclosed in the vicinity of quantum critical points.
Introduction -Quantum phase transitions (QPTs) occur at absolute zero temperature when varying the parameters of a system [1] . Such a system is believed to be strongly entangled at quantum critical points. Once a symmetry breaking is not manifestly observed, QPTs have long been known as difficult to characterize. A lot of efforts have been made to clarify the relations between QPTs and entanglement, mainly focusing on some simplified systems which can be solved with traditional density matrix techniques [2] [3] [4] [5] (For more comprehensive introduction, see review [6] ). It is proposed that for a system without an obvious classical order parameter, entanglement entropy could perform as an alternative to characterize QPTs. For instance, in [4, 5] very interesting behaviors of the entanglement entropy have been disclosed in the vicinity of quantum critical points.
In recent years AdS/CFT correspondence has provided powerful tools to investigate the strongly correlated system in condensed matter physics and a holographic description of the entanglement entropy has been proposed in pioneering works [7] [8] [9] and then extensively studied in literature (for recent review we refer to [10] and references therein). It is remarkable that the holographic results of the entanglement entropy, which are completely determined by the bulk geometry, are in well agreement with the results from quantum field theory. Therefore, it is very desirable that the key role of the entanglement entropy can be further disclosed in the holographic approach for more sophisticated systems. Particularly, stimulated by massive work on the relation between the entanglement entropy and the quantum critical phenomena in condensed matter physics, it has been long time for one to suggest that the HEE should play a similar role as well. In this letter we intend to provide the first direct evidence in holographic approach that the entanglement entropy can be thought of as an order parameter to characterize QPTs indeed. Before this, it is worth to point out that the HEE has also been investigated for various models exhibiting thermal phase transitions [11] [12] [13] [14] .
Our work is based on the recent progress on the holographic implement of novel metal-insulator transition. Specifically, we will investigate the reduced HEE of a strip geometry in four dimensional Q-lattice background. We find that the reduced HEE always takes the maximum in the vicinity of the quantum critical points when the minimal surface in the bulk approaches the near horizon region. We also propose that such a behavior is dominantly determined by the near horizon geometry of the background.
The holographic setup and HEE -The metal-insulator transition has been implemented by holography in recent literature [15] [16] [17] [18] . In this letter we only consider the Qlattice background in four dimensional space time, but we believe that our analysis here should be applicable for other frameworks. A holographic Q-lattice was originally proposed in [16] , and the simplest Lagrangian is given as
where Φ is a complex scalar field but neutral with respect to the Maxwell field. We have also set AdS length scale L as unit.
The ansatz for a background with lattice structure only along x direction is presented as
where
Notice that U, V 1 , V 2 , a and φ are functions of the radial coordinate z only and µ is the chemical potential of the dual field theory. A Q-lattice background can be obtained as a black brane specified by three scaling-invariant parameters, namely the temperature T /µ, lattice amplitude λ/µ 3−∆ , and lattice wave number k/µ. For simplicity, we will denote these quantities in short by T, λ, k through this letter. The Hawking temperature of the black brane is arXiv:1502.03661v2 [hep-th] 20 Feb 2015
We will work at an extremely low temperature T = 0.001, which is supposed to be low enough to observe quantum critical phenomenon. In addition, we will set the mass of the scalar field as m 2 = −2, with a brief discussion on other values in the end of letter.
Next we present a quick review on how one can compute the entanglement entropy as a geometric quantity via the AdS/CFT correspondence. For a bipartite quantum system U = A ∪ B, the Hilbert space of the total system U can be written as H U = H A ⊗ H B . The entanglement entropy S A is defined by S A = Tr A (ρ A log ρ A ), where ρ A ≡ Tr B ρ U , with ρ U being the density matrix of the total system U , and Tr B and Tr A mean tracing over the H B and H A , respectively. The AdS/CFT correspondence provides a holographic interpretation on the entanglement entropy and tells us that the entanglement entropy can be obtained simply by identifying the S A as the area of the minimal surface γ A which reaches out in the bulk geometry with a boundary ∂A [9] , namely
where G N is the four dimensional Newton constant. Now we consider a strip geometry on the boundary of the Q-lattice background. Let the strip stretch in y-direction with length L y (→ ∞) and x-direction with width 2l. Firstly, we remark that for Q-lattices the translational symmetry along x direction is broken manifestly by the complex scalar field. Nevertheless, all the metric components are still functions of z such that the halfwidth l of the strip can be analytically derived as
where z * is the location of the bottom of the minimal surface in z-direction, and W (z * , z) = z
Moreover, from Eq.(3) one finds the HEE in a Q-lattice background can be expressed as
We remark that what we obtained above is the so called reduced HEE which is cutoff independent part of the HEE and suggested to be used to measure the degrees of freedom in CFT on the boundary. The full HEE should behave as 4G N S full = 2L y (S + 1/ ), where is the cutoff in the radial direction. When the common divergent term 1/ of the HEE is removed from above equation by inserting a "counter term" −1/z 2 into the integrant, we find the integration can be performed safely starting from the boundary z = 0.
Numerical Results -Firstly we present the lattice effects on the HEE when we change the width 2l of the strip. A plot of S as a function of l is shown in Fig.1 for three typical cases, corresponding to RN black brane, Q-lattice dual to a metallic phase and Q-lattice dual to an insulating phase, respectively. It is noticed that in all cases the reduced HEE increases in a linear fashion with the width for large l.
Next we turn to investigate the relation between QPTs and the entanglement entropy in a holographic manner. We firstly compute the reduced HEE as a function of the parameter k and λ separately when the strip width 2l is fixed at a relatively large value. Our results are illustrated in Fig.2 . Interestingly enough, we observe that the reduced HEE displays a pronounced peak in both plots. Moreover, we find that the location of such turning points is independent of the width of the strip when l is relatively large. To show this we plot the shift of the peaks of reduced HEE with the width of the strip in Fig.3 . Evidently, the peaks of the reduced HEE converge to a fixed point with a definite value of k when the width of the strip is becoming large enough to probe the near horizon geometry. The same convergent behavior is also observed in the case when varying the parameter λ with k fixed.
Now we arrive at the main purpose of this letter. We intend to disclose the relation between the maximization of the reduced HEE and QPTs of the system. We mark the turning points of the reduced HEE with large l in the (λ, k) plane of the phase diagram, and the results are illustrated in Fig.4 . The critical points of the metalinsulator transition are determined by ∂ T σ DC = 0, where DC conductivity is numerically computed with the for-
[17]. Remarkably, we observe that all the turning points of the reduced HEE are distributed in the vicinity of the trajectory of the critical points, clearly indicating that HEE can be used to characterize the occurrence of QPTs. In literature a lot of efforts have been made to explore the relation between QPTs and the entanglement [2] [3] [4] [5] . In the seminal work [2] it is shown that the next-nearest entanglement of a spin-1/2 ferromagnetic chain has maximum precisely at the critical point, and later the phenomena that entanglement entropy reaches maximum near the critical points of QPT have been observed in [5] .
In the end of this section we intend to understand our main results presented above by near horizon analysis (z * → 1). As revealed in [15] [16] [17] 19] , IR fixed point plays a crucial role in understanding the holographic quantum phase structure, and previously it has also been suggested that the low energy behavior of a system in long wavelength limit such as the DC conductivity may demonstrate some universal behavior which is completely controlled by the near horizon geometry [20, 21] . Inspired by this observation, here we also propose that for large l, the reduced HEE receives the dominant contribution from the near horizon regime. Indeed, employing the regularity conditions on the horizon, we can show that as z * → 1, the reduced HEE S and the width l behave as
Therefore, we analytically derive that the reduced HEE has a linear relation with the width of the strip when l is relatively large, which explains what we observed in Fig.1 . Furthermore, the ratio of S to l is finite in the near horizon limit and completely determined by the background as
As a consequence, when the half-width l is fixed and large enough, the maximizing behaviors of the reduced HEE S over the phase diagram is completely determined by the quantity r. Based on above analysis, we present a contour plot of r over the (λ, k) phase diagram, as shown in Fig.5 . From this figure it is clearly seen that the reduced HEE shows bumps close to the critical points of QPT. In particular, we show an example in this figure to locate the maximal value of r along the vertical direction (a short green line ) and the horizontal direction (a short red line), which are marked by a green dot and a red dot, respectively. In general we find the data in this method matches rather closely with our previous numerical results obtained through the direction calculation.
Discussion -Throughout this letter we have worked with a scalar mass m 2 = −2 because in this case we find the numerical analysis exhibits convergent behavior very well. We believe it is safe when we set the temperature at T = 0.001. Nevertheless, it is worth to point out that in this setup the AdS 2 BF bound is violated such that new phases could be found at lower temperatures [16] . Taking this into account, we have also performed the calculation for the mass m 2 = −3/2 which does not violate AdS 2 BF bound. We qualitatively obtain the same behavior of the reduced HEE, but with much higher precision and more grid points.
As a summary, in this letter we have computed the reduced HEE of a strip geometry in four dimensional Qlattice background, which exhibits metal-insulator transitions in the dual field theory. A convergent behavior of the peaks of the reduced HEE has been observed when the minimal surface extends deeply into the bulk and approaches the near horizon region. We have found that the reduced HEE always displays a peak in the vicinity of the quantum critical points when l is relatively large. Our work here provides the first direct evidence that HEE can be used to characterize QPTs indeed. We have also shown by near horizon analysis that the maximization of the reduced HEE is dominantly determined by the near horizon geometry in our model. We conjecture that this feature could be universal for general holographic models exhibiting QPTs. It is quite expectable that the role of reduced HEE in characterizing QPTs could be further disclosed in holographic approach. More importantly, we expect our work in this letter could provide alternative ways to explore quantum critical phenomena in more sophisticated systems from the viewpoint of the HEE.
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